BACKGROUND: Perinatal stroke is a potentially debilitating injury, often under-diagnosed in the neonatal period. We conducted a pilot study investigating the role of the portable, non-invasive brain monitoring technique, diffuse optical tomography (DOT), as an early detection tool for infants with perinatal stroke. METHODS: Four stroke-affected infants were scanned with a DOT system within the first 3 days of life and compared to four healthy control subjects. Spectral power, correlation, and phase lag between interhemispheric low frequency (0.0055-0.3 Hz) hemoglobin signals were assessed. Optical data analyses were conducted with and without magnetic resonance imaging (MRI)-guided stroke localization to assess the efficacy of DOT when used without stroke anatomical information. RESULTS: Interhemispheric correlations of both oxyhemoglobin and deoxyhemoglobin concentration were significantly reduced in the stroke-affected group within the very low (0.0055-0.0095 Hz) and resting state (0.01-0.08 Hz) frequencies (p < 0.003). There were no interhemispheric differences for spectral power. These results were observed even without MRI stroke localization. CONCLUSION: This suggests that DOT and correlation-based analyses in the low-frequency range can potentially aid the early detection of perinatal stroke, prior to MRI acquisition. Additional methodological advances are required to increase the sensitivity and specificity of this technique.
INTRODUCTION
Perinatal stroke, secondary to focal disruption of cerebral arterial (perinatal arterial ischemic stroke (PAIS)) or venous (cerebral sinus venous thrombosis (CSVT)) circulation, leads to potential lifelong neurological sequelae, such as hemiparesis, epilepsy, and cognitive impairment. 1 It is the most common cause of neonatal seizures after perinatal asphyxia. Perinatal stroke may occur anywhere between the second trimester of pregnancy and the first 28 days of life. 2, 3 PAIS affects up to 1 in 2300 infants, 4 with approximately 75% of cases being unilateral and involving the middle cerebral artery (MCA). 5 CSVT occurs in 2.6 in 100,000 live births. 6 Perinatal stroke is often underdiagnosed and under-reported. At present, there is no definitive treatment, other than symptomatic and supportive measures.
Magnetic resonance imaging (MRI) remains the gold standard for diagnosis of perinatal stroke, 7 but it requires transportation of infants away from the neonatal intensive care unit (NICU) and is rarely available for rapid diagnosis. Continuous wave (CW) near-infrared (NIR) diffuse optical tomography (DOT) is a safe, portable, non-invasive tool, which allows continuous brain monitoring of newborn infants at the cot side. 8 The technique measures back-scattered light from the brain and detects spatial variations in attenuation in an oxygen-dependent manner. 9 It provides information on the relative concentration changes of oxyhemoglobin (HbO 2 ) and deoxyhemoglobin (HHb), yielding total hemoglobin (HbT) when summed. DOT measures regional changes in cerebral hemodynamics associated with cortical functional activation, 10 including resting-state networks, 11 visual activation, 12 and speech development. 13 It can also detect hemodynamic changes associated with cerebral pathology. 14, 15 Diffuse optical technology has previously been employed to investigate stroke utilizing a variety of analytical approaches. For example, a decrease in the HbO 2 concentration ([HbO 2 ]) and increase in HHb concentration ([HHb]) (i.e., reduced oxygen saturation) during focal cerebral ischemia has been observed in rats, 16, 17 piglets, 18 and adult human patients undergoing neurovascular surgery who suffered an ischemic event. 19 Vernieri et al. demonstrated abnormal changes in the cerebral blood volume of stroke-affected tissue following a hypercapnic challenge in two adults with unilateral MCA stroke. 20 Cooper et al. used a CW-DOT and electroencephalography (EEG) system to identify successive large changes in both [HbO 2 ] and [HbT] that were significantly different between the healthy and strokeaffected brain regions of a term infant with extensive unilateral stroke. 21 While these studies provide valuable insight, transient hemodynamic changes are not always observed in strokeaffected infants, and it is not possible to subject them to hypercapnia. Additionally, commercial NIR technologies that can measure quantitative variables like tissue oxygen saturation tend to provide limited spatial sampling.
We investigated the utility of CW-DOT for early detection of perinatal stroke by studying interhemispheric patterns in these spontaneous low-frequency oscillations (LFOs). LFOs are believed to be associated with myogenic, 22 metabolic, 23 neurogenic stimuli, 24 sympathetic tone, 25 and cerebral autoregulation. 26, 27 LFOs were subdivided into the bands of very low (VL;~0.007 Hz), 28 resting state (RS;~0.04 Hz), 29 and Mayer waves (~0.1 Hz). 30 White et al. obtained CW-DOT data from the visual cortex of one infant with unilateral occipital stroke and demonstrated disrupted interhemispheric correlation of [HbO 2 ] signals at frequencies below respiration. 11 To our knowledge, we are the first group to apply LFO analysis to whole-head CW-DOT data from stroke-affected infants. We hypothesized that a detectable difference in LFO content would exist between the stroke-affected and healthy hemispheres of infants with perinatal stroke. To test the efficacy of CW-DOT used in isolation within the first few days of life, we performed our analysis both with and without MRI-guided stroke localization.
METHODS

Study approval was obtained by the National Research Ethics
Service Committee, East of England (REC Reference 09/H0308/125, IRAS project ID: 24005). The data that support the findings of this study are available from the corresponding author upon reasonable request.
Subjects
Following informed parental consent, infants were recruited upon their admission to the NICU at the Rosie Hospital, Cambridge. Control infants were scanned within the first 2 days of life (except for CTRL_3 who was scanned 19 days after birth, near termequivalent age) and had no confounding conditions. Infants presenting with focal seizures and clinical suspicion of stroke were scanned within the first 3 days of life. An MRI (as per standard clinical care) confirmed the diagnosis of stroke between 7 and 10 days of life.
Data acquisition A 16-source and 16-detector CW-DOT device (NTS, Gowerlabs Ltd., London, UK) with a sampling frequency of 10 Hz was used for data acquisition. The measurement obtained by a single sourcedetector pair is referred to as a "channel." The scanning protocol, source-detector array (Fig. 1a) , and cap (Fig. 1b) are described in more detail in our previously published work. 14, 15 Healthy infants are generally more difficult to scan with DOT due to increased levels of movement, leading to shorter scan times. This contrasts with sick infants, who are often sedated and therefore remain relatively still throughout long periods of data recording.
MRI processing
The anatomical landmarks of nasion, inion, preauricular right (Ar), preauricular left (Al), and central zero (Cz) were measured using the T1 spin echo (SE) MRI of each stroke-affected infant (FSL). 31 To accommodate the range of head shapes across the stroke cohort (Fig. 2a) , an age-matched neonatal head atlas mesh 32 was affine transformed to each infant's anatomical landmarks (Fig. 3a) . The stroke-affected region was marked by a consultant neonatologist in each infant's MRI (Fig. 2b ) and used to create a volumetric mask of the stroke-affected tissue in the subject's affine-transformed mesh (Fig. 3b) . For practical reasons, the MRI sequence that most clearly showed the stroke area was used to create the mask. In ascending order from Stroke_1 to Stroke_4, the MRI sequence used was T1-SE, T2 fast spin echo (FSE), T2-FSE, and apparent diffusion coefficient. Although the authors acknowledge that different sequences may highlight tissue damage to varying extents, it was assumed to a first approximation that visible stroke volume remained consistent across sequences. To identify which channels sampled stroke-affected tissue, simulations of light propagation through the brain were created by applying the finite element method to the affine-transformed meshes (TOAST++, 33 see previous work for more details 14, 15 ). The simulations yielded a photon measurement density function (PMDF) for each channel, which represented how sensitive a single DOT measurement was to the underlying tissue. Each PMDF was thresholded at 10% of its maximum sensitivity and included in a region of interest (ROI) if it overlapped with the volumetric stroke mask (Fig. 3d , red lines).
Optical data pre-processing All data were processed in MATLAB (R2012b, MathWorks, Natick, MA). The data were pre-processed by removing channels containing poor quality data according to three criteria: (1) Channels with a mean measured intensity below the noise floor of the device (corresponding to 10 −4 au as recommended by the manufacturer) were rejected. (2) Channels with a signal-tonoise ratio (SNR) < 5 were removed (this threshold was chosen by inspection). (3) Channels displaying motion artifact were rejected first using an automatic detection algorithm implemented in the HOMER2 plugin (www.homer-fnirs.org) and second using manual rejection following inspection. The remaining data segments were realigned along the mean of the data and concatenated (Fig. 4a) . Intensity data were converted to optical density and then to [HbO 2 ] and [HHb] using the modified Beer-Lambert Law and a differential pathlength factor of 4. 34 The hemoglobin concentration data were bandpass filtered into the VL (0.0055-0.0095 Hz), RS (0.01-0.08 Hz), and Mayer wave (0.09-0.3 Hz) bands, guided by inspection of the data spectral power (Fig. 4b) . The low pass filter was a third-order Butterworth filter, and the high pass filter was a fifth-order Butterworth filter. Every infant's data length satisfied the Nyquist criterion for the slowest investigated frequency (0.0055 Hz) and were within limits for LFO analysis.
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"Blind channels" were defined as all channels covering the same hemisphere as the stroke. "ROI channels" were defined for each stroke-affected infant as those that had PMDFs overlapping with the volumetric stroke mask (Fig. 3c, d , red lines). For both groups, the healthy symmetric channels (Fig. 3d, blue lines) were used for interhemispheric LFO comparisons. Channels (and their symmetric partners) with insufficient SNR were excluded from analysis. For the control cohort, channels located over the left hemisphere were treated as blind channels.
Analysis and statistics Power spectral density (PSD) was calculated for the [HbO 2 ] and [HHb] signals and integrated within the three LFO bands. The Wilcoxon signed-rank test was used to assess interhemispheric differences in spectral power for each subject. Test results were corrected for multiple comparisons by dividing the original 1% threshold for significance by the number of frequency bands, i.e., 0.01/3 = 0.0033 = p α . Pearson's R and the maximum phase lag (seconds) between every symmetric channel pair within each LFO band were calculated for both the [HbO 2 ] and [HHb] signals. Using Fisher's Z-Transformation, the correlation R-values were converted to Zscores. Anderson-Darling test showed that the Z-scores for each infant did not form a normal distribution at a significance level of 5%; therefore, non-parametric tests were employed for subsequent analysis. To identify any significant differences in interhemispheric correlation and phase lag between the control and stroke-affected infants, the data were grouped into three cohorts: the stroke-blind, stroke-ROI, and control group. Mann-Whitney U test was used to compare each stroke-related group to the control group. The Zscore results were converted back to R-values for visualization. The significance threshold was set as before to p α = 0.0033.
RESULTS
Clinical details
Between December 2014 and August 2016, 11 infants presented with seizures and a clinical suspicion of stroke; 8 were consented. Of these 8 infants, 4 were included in the analysis. Among the excluded four subjects, only one was proven to have stroke but the quality of the data was poor. Out of the remaining three, one had MRI findings consistent with hypoxic ischemic encephalopathy, and the other two had a normal MRI with no identifiable cerebral injury at the time. Ten controls were recruited, four of which were included in the analysis based on data quality. Clinical details of the infants analyzed are summarized in Table 1 .
Stroke_1 presented with dusky, cyanotic spells. As other clinical causes were excluded, and these events persisted, the infant received a loading dose of Phenobarbitone (20 mg/kg) 9 h prior to data acquisition and no further anticonvulsant treatment. Stroke_2 presented with decerebrate posturing and hypotonia at the background of prolonged labor and profound anemia at birth. Electrical seizures were noted during data acquisition (on amplitude integrated EEG-as part of standard clinical monitoring). A loading dose of Phenobarbitone (20 mg/ kg) was given at the end of the study (this was a clinical decision independent to the conduction of the study). Stroke_3 presented with tonic movements of all four limbs at the local hospital for which the infant received Phenobarbitone, Phenytoin, and Clonazepam. No further seizures were noted after transfer to the tertiary center and the infant was scanned 3 days after receipt of anticonvulsant treatment. Stroke_4 presented with clonic movements of the right lower limb during an infection screen at the local hospital, for which a loading dose of Phenobarbitone (20 mg/kg) was given. No further seizure activity was noted after transfer to the tertiary center and the infant was scanned 3 days later.
Optical data Approximately 80% of channels were included in the analysis for each infant, the remainder being rejected owing to poor SNR. Figure 4a shows an example of the concatenated optical intensity signal for Stroke_3. Cardiac and respiratory oscillations are apparent at approximately 1.9 and 0.6 Hz in the Fourier transform of the signal (Fig. 4b) . The length of the data was on average 27 min (range 22 min) for each stroke-affected infant and 12 min (range 13.7 min) for each control infant.
Spectral power content
There was no significant difference in interhemispheric spectral power content in the control or stroke-affected cohort, except for Stroke_2. For Stroke_2, the spectral power of the [HbO 2 ] and [HHb] signals was significantly less in the healthy hemisphere compared to the stroke-affected hemisphere in all LFO bands. Correlation Figure 5 depicts the interhemispheric correlation results for the control group alongside the stroke blind and ROI groups. The central mark of the box is the median. The bottom and top edges are the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme points not identified as outliers. A statistically significant difference in interhemispheric correlation (p α < 0.0033) within the VL and RS bands for both [HbO 2 ] and [HHb] was observed between the control group and both the stroke-blind and stroke-ROI groups. There was a significant difference between the stroke-ROI group and control group for the [HHb] signal in the Mayer wave band (Fig. 5b) .
Phase lag
The phase lag analysis did not return any statistically significant results, regardless of whether blind or ROI channels were investigated. The stroke-affected hemisphere [HbO 2 ] oscillations preceded the healthy hemisphere by a median 2.5 s in the VL frequency band for the stroke-blind group (p α = 0.079) and 3.3 s for the stroke-ROI group (p α = 0.052), but p α was insufficient in both instances and hence results were not interpreted further. A trend was observed in the interquartile range (IQR) of the [HbO 2 ] VL signal across the groups. The IQRs for the stroke-ROI, strokeblind, and control groups were 144.0, 39.9, and 9.2 s, respectively. Compared to the control group, the VL IQR increase was 1565% for the stroke-ROI group and 434% for the stroke-blind group.
DISCUSSION
Our results showed a significant difference in interhemispheric correlation between the control group and stroke-affected groups within the VL and RS bands, with the stroke-blind group showing an approximate 30-50% decrease in correlation for both [HbO 2 ] and [HHb] . No significant difference was found in interhemispheric LFO spectral power in either the control or stroke-affected infants (apart from Stroke_2, discussed below) or in interhemispheric phase lag. However, the IQR of the phase lag within the VL band was markedly increased in the stroke-affected patients compared to the controls, particularly when the analysis was limited to the stroke ROI.
Our hypothesis was that stroke-affected regions would have altered vascular tone with a marked impact on the LFO content of the DOT signal. This was based on results suggesting interhemispheric difference in spectral power that have been published from a single stroke-affected infant scanned at 10 weeks of life. 11 A possible explanation for the lack of spectral power results could be that stroke-affected infants were scanned early, prior to bulk tissue necrosis, thereby making any underlying spectral power change undetectable. Li et al. studied spontaneous left prefrontal cerebral oscillations among adults at risk for atherosclerotic stroke with single-channel NIR spectroscopy. They performed a wavelet transform analysis in five subdivided frequency bands (0.005-2.0 Hz), and observed significantly lower spectral power for [HHb] and [HbO 2 ] in the atrisk cohort. 36 Perhaps the primarily different pathophysiological cascade in this instance compared to perinatal stroke may also explain why we did not see any difference in spectral frequency band power. The one exception was subject Stroke_2, who had lower [HbO 2 ] and [HHb] spectral power within the healthy hemisphere compared to the stroke-affected hemisphere. This discrepancy was attributed to ongoing seizure activity. The continuous amplitude-integrated EEG during the scan showed five discrete epileptiform episodes arising from the strokeaffected side, which could explain the observed interhemispheric difference in spectral power content. The remaining stroke-affected infants did not have seizure activity immediately before or during data acquisition. Additionally, these infants received anticonvulsant treatment for a significant period of Diffuse optical tomography for the detection of perinatal stroke at the. . . M Chalia et al. time before data acquisition and hence there should be no pharmacological impact on the DOT signal. The dramatic drop in interhemispheric correlation in the strokeaffected group was the most striking result of this study. The correlation results for the stroke-blind channels were highly significant and only slightly less than those of the stroke-ROI channels. This demonstrates that MRI is not a prerequisite for optical signal analysis, thus reinforcing the potential value of DOT Their device covered only the occipital cortex with 106 channels, whereas our array consists of 58 channels covering the entire head. The sparse and global arrangement of our array potentially "dilutes" the effect of the damaged brain tissue on the interhemispheric correlation results but offers the ability to detect stroke over the entire superficial cortical surface. Experimental DOT images of cortical activation that parallel the spatial resolution and accuracy of functional MRI have recently been reported, 37 but currently available commercial systems have insufficient channel count to replicate these results. We expect the tradeoff between field of view and spatial resolution to diminish as novel DOT systems become high density, modular, lightweight, and wireless. 38 The results from the interhemispheric phase lag analysis were not significant. Changes in [HbO 2 ] within the VL band in the stroke-affected hemisphere always preceded those of the healthy hemisphere for both the stroke-blind and stroke-ROI channels, but these results should be interpreted with caution given the insufficient p α . An increasing variability was noted in the VL band [HbO 2 ] phase lag values as sensitivity to the stroke region improved. In comparison to the control group, the IQR increase was qualitatively apparent (434%) for the stroke-blind group and almost four times that (1565%) for the stroke-ROI group. This result warrants further investigation, as it supports the idea that absolute interhemispheric phase shift (as opposed to defining a leading or lagging relationship between signals) may be a more valuable metric. For example, Phillip et al. showed that the absolute interhemispheric phase shift between low-frequency arterial blood pressure (ABP) and cerebral [HbO 2 ] oscillations was significantly less in patients undergoing thrombolytic therapy compared to untreated stroke adults. 39 Han et al. found a significantly lower-phase coherence within the lower-frequency bands in hypertensive elderly patients with cerebral infarction. 40 These studies demonstrated a disruption to absolute interhemispheric phase patterns within the VL and RS frequency bands in stroke-affected adults, adding credence to the idea that physical injury to the MCA affects VL and RS oscillations, and that these frequency bands should be a target of investigation for stroke detection.
Statistically significant results in the Mayer wave band were only observed in the interhemispheric spectral power of Stroke_2 and in the [HHb] correlation results between the control group and stroke-ROI group. Mayer waves have been detected in several species at different inherent frequencies and present at 0.1 Hz in humans. 41 Studies suggest that Mayer waves are global oscillations in ABP correlating with sympathetic neuronal activity, 30 that they trigger the release of endothelial-derived nitric oxide during vascular stress, 42 or that they are part of normal vascular baroreflex mechanisms and of no particular function. 43 A possible explanation for the lack of results obtained in this band could be that these oscillations are transient phenomena which exist independently alongside hemodynamic events rather than in response to hemodynamic changes. 30 In conjunction with the fact that other oscillations (RS, respiration) exist near the frequency of 0.1 Hz, 44 it becomes difficult to attribute any specific physiological meaning to the [HHb] correlation result obtained. However, our results support growing evidence that inclusion of Mayer wave frequencies in LFO analysis can obscure meaningful results in the RS band. 44 A limitation of this study is the lack of other physiological parameters acquired that could be correlated to the cerebral DOT signal. For example, continuous ABP was not recorded as it was not clinically indicated. This study is also limited by the small number of subjects identified over the project's duration. However, this was a single-center study run over a 20-month period. With an incidence of perinatal stroke of 1 in 2300 live births, 4 and approximately 5500 deliveries per year at the Rosie Hospital, Cambridge, this was a foreseeable limitation. However, these results demonstrate the ability of DOT to diagnose neonatal stroke at the cot side and could form the basis for a larger multicenter study.
Summary
To our knowledge, this is the first study using a multichannel, whole-head DOT system to evaluate perinatal stroke in the acute phase. Our results align with previous evidence of disrupted low-frequency interhemispheric brain function in strokeaffected patients. The interhemispheric correlation results warrant further development of the technique, especially considering that their diagnostic capability does not require MRI. These findings could serve as the basis of a larger study that establishes DOT as an early, cot-side, diagnostic tool for perinatal stroke, which would complement existing neuromonitoring and neuro-imaging methodologies to inform clinical management and prognosis. This could potentially facilitate the study of early treatment strategies for perinatal stroke, such as therapeutic hypothermia. 45 
